Coronaviruses encode multifunctional proteins that are critical for viral replication and for blocking the innate immune response to viral infection. One such multifunctional domain is the coronavirus papain-like protease (PLP), which processes the viral replicase polyprotein, has deubiquitinating (DUB) activity, and antagonizes the induction of type I interferon (IFN). Here we characterized the DUB and IFN antagonism activities of the PLP domains of human coronavirus NL63 and severe acute respiratory syndrome (SARS) coronavirus to determine if DUB activity mediates interferon antagonism. We found that NL63 PLP2 deconjugated ubiquitin (Ub) and the Ub-line molecule ISG15 from cellular substrates and processed both lysine-48-and lysine-63-linked polyubiquitin chains. This PLP2 DUB activity was dependent on an intact catalytic cysteine residue. We demonstrated that in contrast to PLP2 DUB activity, PLP2-mediated interferon antagonism did not require enzymatic activity. Furthermore, addition of an inhibitor that blocks coronavirus protease/DUB activity did not abrogate interferon antagonism. These results indicated that a component of coronavirus PLP-mediated interferon antagonism was independent of protease and DUB activity. Overall, these results demonstrate the multifunctional nature of the coronavirus PLP domain as a viral protease, DUB, and IFN antagonist and suggest that these independent activities may provide multiple targets for antiviral therapies.
The front-line defense of a host cell against virus infection is the innate immune system, which utilizes multiple membrane and cytoplasmic sensors, such as toll-like receptors (TLRs) and RNA helicases, to detect pathogen-associated molecular patterns like viral RNA (3, 9, 31, 47, 54) . Activation of these sensors by viral RNA intermediates sets off a cascade of signaling events that ultimately turn on transcription factors, such as NF-B, ATF2/c-Jun, IRF-7, and IRF-3. These activated transcription factors translocate to the nucleus and upregulate transcription of interferon (IFN) mRNAs. The translation and subsequent secretion of IFNs activates cells to upregulate interferon-stimulated genes (ISGs) to establish an antiviral state hostile to viral replication. Of importance for this study, many of the signaling events that link the sensors to the transcription factors are mediated by the activities of kinases and ubiquitinating enzymes that modify and activate critical intermediates in the cascade (7, 8, 20, 25) . For example, signaling from RIG-I can proceed through MAVS/TRAF3/TANK to TBKI and inducible IB kinase (IKKi), which ultimately phosphorylate IRF-3. Recent studies indicate that both TRAF3 and TANK are modified by lysine-63-linked polyubiquitination and can be inactivated by DUBA, a cellular deubiquitinating (DUB) en-zyme (28) . Thus, ubiquitinating enzymes and DUBs are critical players in modulating the innate immune response.
For positive-strand RNA viruses that replicate in the cytoplasm of the cell using double-stranded RNA intermediates, the cytoplasmic innate immune sensors and subsequent signaling cascades represent a minefield that must be either neutralized, navigated by stealth, or both. Recent studies have revealed that viral proteases can act as "multitaskers" during viral replication by not only processing viral polyproteins but also cleaving/inactivating key players in the innate immune response. For example, the hepatitis C virus NS3-4A protease cleaves the viral replicase polyprotein and inactivates the key signaling proteins TRIF and MAVS (36, 38, 42, 46) . Picornavirus 3C protease is essential for processing the replicase polyprotein and inactivating NF-B and RIG-I (2, 49) . In these studies, the catalytic function of the viral proteases was essential for the inactivation of host factors involved in signaling the innate immune response. Recently the coronavirus papain-like protease domains have also been identified as modulators of the innate immune response; however, the mechanisms of inhibition are not entirely clear (13, 16, 70) .
Coronaviruses are enveloped viruses with large RNA genomes (28 to 32 kb) that cause disease in humans ranging from common colds (human coronavirus [CoV] 229E [HCoV-229E] and OC43) to croup and pneumonia, seen mostly in very young and old populations (HCoV-NL63 and -HKU1), to severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) with 10% mortality (53) . Upon entry, coronavirus genomic RNA is translated to produce two large polyproteins, pp1a and pp1ab. These polyproteins are processed by viral cysteine proteases, papain-like (PLPs/PLpro) and picornavirus 3Clike (3CLpro), to generate mature nonstructural proteins (nsp's) that assemble with host cell membranes to form double membrane vesicles (DMVs) (18, 19, 61) . These DMVs are the site of viral RNA synthesis producing double-stranded intermediates and genomic/subgenomic mRNAs. Interestingly, robust replication of SARS-CoV was shown to trigger low but detectable levels of beta interferon (IFN-␤) (13, 62, 63) . The low-level IFN response to a vigorously replicating RNA virus suggests that SARS-CoV either evades or inactivates the innate immune response. Indeed, recent studies indicate that SARS-CoV encodes multiple proteins, such as nsp1, protein 3b, protein 6, and the nucleocapsid protein that modulate multiple pathways of the innate immune response (17, 27, 30, 48, 68) . In addition, we showed that the SARS-CoV papainlike protease (PLpro) domain acts as an interferon antagonist that blocks the phosphorylation and subsequent nuclear translocation of IRF-3 (13) . We also showed via X-ray structural studies that the SARS-CoV PLpro domain is similar to cellular deubiquitinating enzymes (57) , and we and others demonstrated that PLpro is both a protease and a DUB (4, 39, 40) . Initially, we hypothesized that either the protease or DUB activity would be required for modulating the innate immune response, but we found that inactivation of the catalytic cysteine residue of PLpro, which ablates both proteolysis and deubiquitinating activity, decreased but did not abrogate PLpro's ability to block activation of interferon (13) . These results are consistent with a protease/DUB-independent mechanism that contributes to interferon antagonism. Frieman and coworkers also showed that catalytic mutants of PLpro retained interferon antagonism, and they reported that deletion of the PLP ubiquitin-like (Ubl) domain upstream of the catalytic site resulted in a loss of antagonism (16) . Studies by Zheng et al. of the PLP domain of murine hepatitis virus (MHV) suggested that viral DUB activity may be required for interferon antagonism, although they reported that MHV PLP2 catalytic cysteine mutants became less efficient at, but did not eliminate, blockade of the interferon response (70) . Therefore, further studies are required to clarify the role of coronavirus protease/ DUB activity in PLP-mediated interferon antagonism.
In this study, we analyzed the DUB and IFN antagonism profiles of the papain-like proteases of human coronavirus NL63 and SARS-CoV (group 1 and group 2 coronaviruses, respectively). We show that HCoV-NL63 PLP2 is a deubiquitinating and deISGylating (ISG15-removing) enzyme. HCoV-NL63 infection, like that of SARS-CoV, triggers a weak type I IFN response in human airway epithelial cell cultures. We also evaluated the role of PLP2 and PLpro enzymatic activity in interferon antagonism. By generating dose-response profiles of IFN antagonism, we found that the papain-like proteases do not require enzymatic activity to inhibit type I IFN induction. Using a pharmacological approach, we found that the inhibition of PLpro did not alter the antagonism of IRF-3-dependent reporters but did affect an NF-B-dependent reporter. Overall, we show that multifunctional coronavirus PLPs target the activities of key transcription factors involved in the induction of type I interferons and thereby hinder the activation of the innate immune system.
MATERIALS AND METHODS
Cells and HCoV-NL63. HeLa cells, HEK293 cells, and HEK293-TLR3 (stable expression of human TLR3 receptor) cells were cultured using Dulbecco's modified Eagle's medium containing 10% (vol/vol) fetal calf serum, supplemented with penicillin (100 U/ml) and streptomycin (100 g/ml). The HCoV-NL63 (P8) virus and LLC-MK2 cells were kindly provided by Lia van der Hoek (University of Amsterdam, Amsterdam, Netherlands) and propagated as described previously (12) . A plaque-purified isolate of HCoV-NL63 was kindly provided by Christian Drosten and propagated in CaCo2-TC7 cells (21) . This virus stock was used to infect human airway epithelial cells as described previously (1) .
Plasmid DNA. pcDNA3.1-Flag-Ub was kindly provided by Adriano Marchese (Loyola University Medical Center). IFN-␤-Luc was kindly provided by John Hiscott (Jewish General Hospital, Montreal, Canada). pISRE-Luc has been previously described (35) . pRL-TK Renilla luciferase reporter was purchased from Promega. N-RIG-Flag, NF-B-Luc, and nsp2/3-GFP were kindly provided by Ralph Baric (University of North Carolina). pcDNA3-myc6-mISG15 was kindly provided by Min-Jung Kim (Pohang University of Science and Technology, Pohang, Republic of Korea). pcDNA3-Ube1L and pcDNA3-UbcH8 were kind gifts from Robert M. Krug (University of Texas).
PLP1 and PLP2 core domain synthesis, cloning, and site-directed mutagenesis. To obtain high expression in eukaryote cells, the codon usage of the HCoV-NL63 PLP1 core domain (amino acids 1018 to 1277 of HCoV-NL63) and PLP2 core domain (amino acids 1570 to 1884) were optimized based on human codon usage frequency, and the potential splicing sites and poly(A) signal sequences were removed and cloned into pcDNA3.1-V5/HisB at the BamHI and EcoRI sites as an in-frame fusion with the V5 peptide. The native viral sequence for the remainder of nsp3 (including the transmembrane domain downstream of PLP2) was cloned into pcDNA3.1-PLP2(N) using the existing EcoRI site and XhoI to generate transmembrane (TM)-containing PLP2 (PLP2-TM) in frame with the V5 peptide. To generate specific mutations in the catalytic residues (C1062 and H1212 in PLP1 and C1678 and H1836 in PLP2), mutagenic primers were incorporated into newly synthesized DNA using the QuikChange II XL site-directed mutagenesis protocol (Stratagene, La Jolla, CA) according to the manufacturer's instruction. Mutated nucleotides are indicated in bold. PLP1 C1062A was amplified using the forward primer 5Ј AAC AAC GCC TGG ATC AGC ACC ACC CTG GTG CAA CTG 3Ј and reverse primer 5Ј GAT CCA GGC GTT GTT GTC GCT CTG GTC CAG CAC CCG 3Ј. PLP1 H1212A was amplified using the forward primer 5Ј AGC GGC GCC TAC CAG ACC AAC CTG TAC AGC TTC AAC 3Ј and reverse primer 5Ј CTG GTA GGC GCC GCT GCC CTT CAC GCC CAG GTA CAC 3Ј. PLP2 C1678A was amplified using the forward primer 5Ј AAC AAC GCC TGG GTG AAC GCC ACC TGC ATC ATC CTG 3Ј and reverse primer 5Ј CAC CCA GGC GTT GTT GTC GGT GGT GCC CAG CAC CCG 3Ј. PLP2 H1836A was amplified using the forward primer 5Ј AAC GGC GCC TAC GTG GTG TAC GAC GCC GCC AAC AAC 3Ј and reverse primer 5Ј CAC GTA GGC GCC GTT GTC GAA GCT GCC GCT GAA GG 3Ј. The primers used for mutagenesis were designed according to the modified methods of Zheng et al. (71) . All introduced mutations were confirmed by DNA sequencing.
Assay of deubiquitinating activity in cultured cells. The effect of HCoV-NL63 PLP1 and PLP2 on ubiquitinated proteins in cultured cells was assessed as described previously (14) . Briefly, HeLa cells cultured in 60-mm dishes were cotransfected with 0.4 g of pcDNA3.1-Flag-Ub plus appropriate amounts of constructs containing PLP1, PLP2, or the corresponding catalytic mutants. Transfection was performed with Lipofectamine 2000 per the manufacturer's instructions. The empty vector pcDNA3.1/V5-HisB was used to standardize the total amount of DNA used for transfection. After 48 h, cells were harvested by adding 250 l 2ϫ LBA, containing 20 mM N-ethylmaleimide (NEM) (Calbiochem) and 20 mM iodoacetamine (Sigma). Cell lysates were then analyzed for ubiquitin (Ub)-conjugated proteins by Western blotting with anti-Flag M2 antibody (1:10,000) (Sigma). Proteins were separated via SDS-PAGE, followed by transfer to a polyvinylidene difluoride (PVDF) membrane in transfer buffer (0.025 M Tris, 0.192 M glycine, and 20% methanol) for 2 h at 4°C. The membrane was blocked using 5% dried skim milk in Tris-buffered saline (TBS) (0.9% NaCl, 10 mM Tris-HCl, pH 7.5) plus 0.1% Tween 20 (TBST) for 2 h at room temperature. The blot was probed with the indicated antibody overnight at 4°C. The membrane was washed in TBST three times for 20 min (each). Following the washes, the membrane was incubated with peroxidase-conjugated secondary antibody (donkey anti-rabbit or goat anti-mouse IgG horseradish peroxidase [HRP]) (Amersham) at a dilution of 1:10,000 for 2 h at room temperature. The membrane was then washed three times with TBST and detected with Western Lightning Chemoluminescence Reagent Plus (PerkinElmer LAS Inc.). To confirm the expression levels of PLP1, PLP2, and the mutants, anti-V5 antibody (Invitrogen) was used to detect the V5-tagged proteins. Calnexin was detected with anti-calnexin monoclonal antibody (MAb) (BD Transduction Lab) as a protein loading control.
NL63 PLP2 cleavage of K48-and K63-linked ubiquitin chains. The NL63 PLP2 wild-type protein was purified as previously described (4, 12) , and ubiquitin chains were purchased from Boston Biochem (K48-Ub 6 [catalog no. UC-217] and K63-Ub 6 [catalog no. UC-317]). Proteolytic cleavage of K48-linked or K63linked ubiquitin chains was carried out under the following conditions: 0.01 g of purified PLP2 was incubated with 2.5 to 5 g of K48-Ub 6 or K63-Ub 6 at 25°C in a 10-to 20-l volume containing 50 mM HEPES, pH 7.5, 0.1 mg/ml bovine serum albumin (BSA), 100 mM NaCl, and 2 mM dithiothreitol (DTT). A control reaction was incubated under identical conditions with the exclusion of enzyme. At specified time points, the reactions were quenched with the addition of SDS-PAGE sample loading dye to a 1ϫ concentration (25 mM Tris, pH 6.8, 280 mM ␤-mercaptoethanol, 4% glycerol, 0.8% SDS, 0.02% bromophenol blue) and heat treated at 95°C for 5 min. The samples were analyzed by electrophoresis on a 15% SDS-PAGE gel and stained with Coomassie dye.
Assay of deISGylating activity in cultured cells. The effect of HCoV-NL63 PLP2 on ISGylated proteins in cultured cells was assessed as described previously (69) . Briefly, HEK293 cells cultured in 60-mm dishes were cotransfected with 0.5 g of pcDNA3-myc6-mISG15, 0.25 g of pcDNA3-Ube1L, and 0.25 g of pcDNA3-UbcH8 plus appropriate amounts of constructs containing PLP2 or the corresponding catalytic mutant with a total of 2 g of plasmid DNA for each transfection. The empty vector pcDNA3.1/V5-HisB was used to standardize the total amount of DNA used for transfection. Transfection was performed with Lipofectamine 2000 per the manufacturer's instructions. After 30 h, cells were harvested by adding 250 l 2ϫ LBA containing 20 mM N-ethylmaleimide (Calbiochem) and 20 mM iodoacetamine (Sigma). Cell lysates were then analyzed for ISG-conjugated proteins by Western blotting with monoclonal anti-myc antibody (1:2,000; MBL Companies, Japan) as described above. To confirm the expression levels of PLP2 and the mutants, anti-V5 antibody (1:5,000; Invitrogen) was used to detect the V5-tagged proteins. Actin was detected with antiactin MAb (Beyotime Institute of Biotechnology, China) as a protein loading control.
Enzyme-linked immunosorbent assay for IFN-␤ secretion in HAE culture supernatants. Human airway epithelial (HAE) cultures were generated as previously described (1) . Cultures were inoculated with 100 l of 10 5 PFU/ml HCoV-NL63, 2,000 hemagglutinating units (HAU)/ml Sendai virus (SeV), or medium for 1 h at 37°C, after which the inoculum was removed and apical washes with 200 l of F12 medium (Gibco) were performed at indicated times. The IFN-␤ concentration was determined by a commercial enzyme-linked immunosorbent assay (ELISA) (PBL Biomedical Laboratories) according to the manufacturer's instructions. Data were analyzed and plotted using the GraphPad Prism 5.0 software program.
Luciferase reporter gene assay. To determine if PLpro and/or PLP2 modulates IFN expression in host cells, the IFN-␤-Luc reporter, consisting of the IFN-␤ promoter upstream of firefly luciferase, was transfected into HEK293 cells along with PLpro, ⌬Ubl-PLpro-Sol, ⌬Ubl-PLpro-TM, PLP2, PLP2-TM, or the C1678A and H1836A PLP2 catalytic mutants in the soluble or transmembrane versions. pRL-TK, encoding Renilla luciferase under the control of the herpes simplex thymidine kinase promoter (low to moderate Renilla expression), was used for normalization of transfection efficiency. HEK293 cells were transfected by Lipofectamine 2000 or LT1 transfection reagent (MirusBio) according to the manufacturer's instructions and incubated for 24 h. Cells were then mock infected or infected with Sendai virus (Cantell strain; Charles River Laboratories) at the dose of 100 HAU/ml for 16 h or transfected with N-RIG-Flag for 24 h to activate the RIG-I-dependent IFN pathway. To detect TLR3-dependent IFN expression, HEK293-TLR3 cells were transfected with IFN-␤-Luc and PLP2 for 24 h. Cells were then treated with poly(IC) for 6 h as described previously (13) . Firefly luciferase and Renilla luciferase activities were assayed using the Dual-Luciferase reporter assay kit (Promega) and a luminometer.
Drug inhibition of SARS-CoV PLpro. HEK293 cells were transfected with plasmids encoding PLpro-TM (13), IFN-␤-Luc, ISRE-Luc, NF-B-Luc, pRL-TK, nsp2/3-GFP substrate, and/or N-RIG-Flag. The pcDNA3.1/V5-HisB vector was used to standardize the DNA concentration for transfection. Dimethyl sulfoxide (DMSO) vehicle control or 100 M GRL-0617S (56) was added at the time of transfection. Tumor necrosis factor alpha (TNF-␣) (10 ng/ml) from Roche was used to stimulate the NF-B-Luc reporter (6 h of stimulation). Cell lysates were prepared per the manufacturer's instruction using 1ϫ passive lysis buffer (Promega), and luciferase activity was measured using the Dual-Luciferase reporter assay kit (Promega) and a luminometer. Cell lysates were also mixed 1:1 with 2ϫ sample buffer and subjected to Western blotting as described above. PLpro-TM was detected with anti-V5 (Invitrogen), and nsp2/3-GFP and nsp3-GFP were detected with rabbit anti-green fluorescent protein (anti-GFP) (Invitrogen).
RESULTS

NL63 PLP2 but not PLP1 has deubiquitinating activity.
Previously we showed that HCoV-NL63 replicase nonstructural protein 3 (nsp3) encodes two papain-like proteases, PLP1 and PLP2, that process the amino-terminal end of the replicase polyprotein ( Fig. 1A ). In addition, we have shown that PLP2 can process K48-linked polyubiquitin chains, suggesting that this protease has deubiquitinating activity (12) . Both the polyprotein cleavage and K48-linked polyubiquitin chain processing are dependent on a cysteine residue in the catalytic triad of this cysteine protease (12) . To determine if one or both of these NL63 PLPs can remove ubiquitin conjugated to cellular proteins, HeLa cells were transfected with plasmid DNA encoding PLP1 or PLP2 along with pcDNA3.1-3ϫFlag-Ub, and the effect of expression of PLP1 and PLP2 on the extent of ubiquitinated cellular proteins was assessed via Western blotting with anti-Flag antibodies. We found that increasing expression of PLP2 resulted in a dramatic reduction in the level of Ub-conjugated proteins (Fig. 1B ). We noted that PLP2 appears to have global DUB activity, since no particular cellular substrates were spared. As expected, this PLP2 DUB activity is dependent on an intact catalytic cysteine residue 1678, and mutation of this residue to alanine resulted in the loss of DUB activity (Fig. 1C) . In contrast, PLP1 did not show any significant reduction of Flag-Ub conjugates at the concentrations tested (Fig. 1D ). These results indicate that NL63 PLP2, like SARS-CoV PLpro, has potent DUB activity that can remove ubiquitin conjugates from many cellular substrates.
NL63 PLP2 processes lysine-63-linked in addition to lysine-48-linked polyubiquitin. Cellular proteins can be covalently modified with ubiquitin at one or multiple lysines through an isopeptide bond that links the carboxy terminus of ubiquitin to a lysine on the target protein. Ubiquitin itself contains seven lysines that can be further conjugated to the C terminus of another ubiquitin molecule, forming different types of polyubiquitin-linked chains on the targeted protein. The two most common types of polyubiquitin chains are linked through ubiquitin lysine 48 (K48) and lysine 63 (K63). These modifications play key regulatory roles in protein degradation and pathway signaling and have been associated with controlling several pathways of innate and adaptive immunity (7) . Previous studies indicated that SARS-CoV PLpro processes both K48-and K63-linked ubiquitin (39, 40) . To assess if HCoV-NL63 PLP2 has isopeptidase activity that will deconjugate K63-linked ubiquitin in addition to K48-linked isopeptidase activity, purified PLP2 enzyme was incubated with hexameric K48-linked and K63-linked polyubiquitin chains. SDS-PAGE analysis of the cleavage products shows that PLP2 can cleave the substrates in vitro (Fig. 2) , and with prolonged incubation times, both chains can be reduced to monoubiquitin (data not shown). These data show that both major forms of polyubiquitin can be recognized and degraded by HCoV-NL63 PLP2.
PLP2 possesses deISGylating activity. Several viral DUBs, including SARS-CoV PLpro, can also deconjugate Ub-like moieties such as ISG15 (39, 40 (15, 33, 34) . We assessed whether HCoV-NL63 PLP2 can deISGylate cellular c-myc-tagged ISG15 (c-myc-ISG15) conjugates. HeLa cells were transfected with increasing amounts of plasmid DNA encoding PLP2 along with c-myc-ISG15 and the ISG15 conjugation machinery Ube1L and UbcH8 to enhance ISGylation of host cell proteins. The ability of PLP2 to deISGylate cellular proteins was then assayed via Western blotting with anti-myc antibody. We found that expression of increasing amounts of PLP2 was associated with a dramatic reduction in the levels of ISGylated cellular proteins (Fig. 3A) , in agreement with a previous report (50) . The deISGylating activity was dependent on intact catalytic residues C1678 and H1836, since mutation of these residues to alanine resulted in the loss of deISGylating activity (Fig. 3B) . Thus, HCoV-NL63 PLP2 is a potent DUB/deISGylating enzyme that acts on many modified cellular substrates. IFN-␤ release from human airway epithelial (HAE) cell cultures. HAE cultures are a useful model system for studying human respiratory viruses, including HCoV-NL63, since they mimic human bronchial epithelium, which is the primary site of infection (1, 60) . HAE cell cultures were infected with HCoV-NL63 or Sendai virus, and apical wash samples were collected at 24, 48, 72, 96 detectable levels of IFN-␤ from 24 to 144 h postinfection (Fig.  4) . These results are reminiscent of the reports of low but detectable levels of IFN-␤ produced from SARS-CoV-infected cells (13, 63) and indicate that either HCoV-NL63 is a weak inducer of the IFN-␤ response or, like SARS-CoV, HCoV-NL63 encodes potent IFN antagonists.
PLP2 inhibits both RIG-I-and TLR3-dependent IFN-␤ expression.
To determine if PLP2 is an IFN antagonist, we transfected HEK293 cells with plasmids encoding HCoV-NL63 PLP2 or SARS-CoV PLpro along with IFN-␤-luciferase and Renilla luciferase reporters for 24 h. Then, the RIG-I-dependent pathway leading to IFN-␤ expression was activated by Sendai virus infection for 16 h or by a dominant active Nterminal portion of RIG-I (N-RIG). We found that activation of the IFN-␤ promoter by Sendai virus (Fig. 5A ) or N-RIG ( Fig. 5B) was inhibited in the presence of either NL63 PLP2 or SARS-CoV PLpro. To determine if HCoV-NL63 PLP2 inhibits TLR3-mediated activation of IFN-␤ production, PLP2 and the reporters were transfected into HEK293-TLR3 cells, and then the TLR3-mediated pathway was activated by addition of poly(IC) to the cell culture medium. We found that activation of the IFN-␤ promoter by the TLR3-mediated pathway was significantly inhibited by HCoV-NL63 PLP2 and SARS-CoV PLpro (Fig. 5C ). These results demonstrate that the IFN antagonism mediated by coronavirus PLPs is conserved in two distinct viruses, although there is only 19% amino acid identity between the catalytic domains of HCoV-NL63 PLP2 and SARS-CoV PLpro in this region of nsp3 (4) .
Mutation of the catalytic residues does not abolish HCoV-NL63 PLP2 IFN antagonism. To further elucidate the interferon antagonism profile of PLP2, a dose-dependent IFN antagonism profile was generated. Concurrently, to determine if IFN antagonism is dependent on catalytic activity, plasmid DNAs encoding PLP2 or the C1678A (devoid of enzymatic activity) and H1836A (severely reduced) catalytic mutants were transfected with the IFN-␤ and pRL-TK reporters into HEK293 cells, and IFN-␤ reporter activity was assessed. N-RIG was used to stimulate IFN-␤ induction. We found that, like the PLP2 wild type, both PLP2 C1678A and PLP2 H1836A exhibit dose-dependent inhibition of IFN-␤ promoter activity; however, the catalytic mutants were less efficient than wildtype PLP2 (Fig. 6A) . Expression of the proteases was verified FIG. 3. NL63 PLP2 has global deISGylating activity in cultured cells. HEK293 cells were transfected with pcDNA3-myc6-mISG15, pcDNA3-Ube1L, and pcDNA3-UbcH8 plus indicated amounts of the PLP2 expression construct (A) or PLP2 expression construct and the corresponding catalytic mutants (B). To ensure that the total amount (2 g/transfection) of plasmids for transfection was equal under every condition, empty vector pcDNA3.1/V5-HisB (v) was used to standardize the total amount of DNA. After 30 h, cells were harvested, and cell lysates were analyzed for ISG-conjugated proteins by Western blotting with monoclonal anti-myc antibody. Expression levels of V5-tagged PLP2 and mutant enzymes were detected with anti-V5 antibody. Actin was detected with antiactin MAb antibody as a protein loading control. (Fig. 6B) . These results indicate that enzymatic activity of PLP2 is not strictly required for inhibition of antiviral IFN expression. The transmembrane (TM) form of PLP2 is also an IFN antagonist. The PLP domains are part of a larger nsp3 protein in SARS-CoV and HCoV-NL63 that is membrane bound. Pre-viously we showed that the biologically relevant transmembrane-containing form of SARS-CoV PLpro, termed PLpro-TM, is a potent IFN antagonist (13) . To determine if the membrane-tethered version of HCoV-NL63 PLP2 can function as an interferon antagonist, the NL63 TM sequence was cloned into the PLP2 construct in frame with the V5 epitope tag, and the resulting construct was designated PLP2-TM. HEK293 cells were transfected with PLP2-TM or the catalytic mutant PLP2-TM C1678A or PLP2-TM H1836A, along with the IFN-␤ and pRL-TK reporters. N-RIG was used to stimulate IFN-␤ induction. We found that PLP2-TM and the catalytic mutants were able to inhibit N-RIG-induced IFN-␤ reporter activity in a dose-dependent manner, although like the soluble version of PLP2, the catalytic mutants were less efficient than the wild type ( Fig. 7A) . Expression of the proteases was verified by Western blotting (Fig. 7B) . These data corroborate our previous results indicating that the catalytic site is not essential for IFN-␤ antagonism by HCoV-NL63 PLP2.
PLpro IFN antagonism is not dependent on the ubiquitinlike domain. In addition to the downstream TM domain, a previous study suggested that the upstream ubiquitin-like domain (Ubl) plays a role in the IFN antagonism of SARS-CoV PLpro, since deletion of this domain in the soluble version of PLpro results in a loss of IFN antagonism (16) . Currently, no analogous domain has been identified in HCoV-NL63 PLP2.
To determine the role of the Ubl domain in the more biologically relevant transmembrane form of PLpro, we generated identical Ubl deletions (⌬Ubl) of PLpro in both the soluble and transmembrane forms and performed a dose-response profile of IFN antagonism. In contrast to results of the study by Frieman and coworkers, we found that ⌬Ubl-PLpro-Sol was as potent as wild-type PLpro in inhibiting N-RIG-induced IFN-␤ reporter activity, as was ⌬Ubl-PLpro-TM (Fig. 8B) . Expression of the proteases was verified by Western blotting (Fig. 8C) . These results indicate that the Ubl domain of PLpro has no effect on antagonism of type I IFN induction. 
Inhibition of SARS-CoV PLpro by protease inhibitor GRL-0617S has no effect on IFN-␤ or IFN-stimulated response element (ISRE) reporter activity but abrogates inhibition of NF-B reporter activity.
The mutagenesis data for PLP2 suggest that the catalytic residues (and thus catalytic activity) are not required for interferon antagonism, and Devaraj et al. reached a similar conclusion for SARS-CoV PLpro (13) . To further evaluate the role of protease/DUB activity in interferon antagonism of wild-type PLpro, we added a protease inhibitor (GRL-0617S) that has been developed and shown to specifically and selectively block protease and DUB activity of SARS-CoV PLpro (56) and assessed the ability of PLpro to inhibit activation of IFN-␤-Luc, ISRE-Luc, or NF-B-Luc reporter activity. HEK293 cells were transfected with plasmid DNA encoding the transmembrane form of PLpro-TM (amino acids 1541 to 2425 of SARS-CoV ORF 1a), previously shown to be a potent IFN antagonist (13) , and pRL-TK along with the IFN-␤, ISRE, or NF-B reporter, and an nsp2/3-GFP substrate. At the time of transfection, the cells were treated with 100 M GRL-0617S (10 times the 50% effective concentration [EC 50 ]) or DMSO (vehicle control). At 24 h after transfection, cell lysates were generated and evaluated for induction of the reporters and proteolytic processing of the nsp2/3 substrate. We found that inhibition of protease activity by GRL-0617S had no effect on the IFN-␤ reporter (Fig. 9A ) and little to no effect on the ISRE reporter, which is dependent on IRF-3 (Fig.  9B) . We did detect an alleviation of PLpro-mediated inhibition of the NF-B reporter by GRL-0617S (compare Fig. 9A and 9B with 9C). These results indicate that protease/DUB activity may be important for PLpro-mediated inhibition of NF-B activity but not essential for inhibition of IRF-3 activity. To demonstrate efficacy of the protease inhibitor, cell lysates used in the reporter assay were assessed for nsp2/3-GFP substrate cleavage. The nsp2/3-GFP substrate contains a region of nsp2/ nsp3 (including the cleavage site) fused in-frame with GFP and was previously shown to be a substrate for PLpro (16) . As shown in Fig. 9D , the nsp3-GFP cleavage product was readily detected in cell lysates that contain PLpro in the absence of GRL-0617S. In contrast, the processing of nsp2/3-GFP and liberation of nsp3-GFP was almost completely abrogated in the presence of the drug. Overall, these data provide further support that there is a catalysis-independent component to type I IFN antagonism by the papain-like proteases of human coronaviruses.
DISCUSSION
In this study, we describe the multifunctional nature of the papain-like protease domains of NL63 and SARS coronaviruses. These coronavirus PLP domains act as viral proteases, deubiquitinating/deISGylating enzymes, and are able to antagonize innate immune induction of type I interferon. We found that PLP interferon antagonism is enhanced by, but is not strictly dependent on, the catalytic activity of the enzyme. Inhibition of coronavirus protease and DUB activity by mutagenesis or pharmacological means did not abrogate interferon antagonism. Therefore, these distinct PLP activities provide multiple targets for antiviral therapies.
The recognition of the DUB/deISGylating activity of SARS-CoV PLpro and HCoV-NL63 PLP2 provides new opportunities to investigate how the virus is modifying the host cell environment. Posttranslational modification of proteins by ubiquitin and ubiquitin-like (Ubl) molecules, such as SUMO, ISG15, and Nedd8, plays a critical role in the regulatory processes of virtually all aspects of cell biology (14, 15, 20, 22, 25, 29, 34, 41, 55) . These modifications, though covalent, are highly reversible. Deubiquitinating enzymes can deconjugate Ub and Ub-like moieties and thus modulate the activities of ubiquitinated proteins. There are about 100 DUBs encoded in the human genome, and most of the known DUBs are cysteine proteases, characterized by a Cys-His-Asp catalytic triad (51) . Several RNA viruses encode cysteine proteases to generate mature viral proteins necessary for replication, and many have been found to be multifunctional proteins. Like SARS-CoV PLpro and HCoV-NL63 PLP2, the protease of a nairovirus, Crimean Congo hemorrhagic fever virus (CCHFV), and the proteases of arteriviruses, including equine arteritis virus (EAV) and porcine respiratory and reproductive syndrome virus (PRRSV), have DUB and deISGylase activity (4, 15, 39) . The contribution of these enzymatic activities to inhibition of type I IFN induction is currently poorly understood. A vast array of proteins involved in the type I IFN signaling cascade are activated by ubiquitination. Induction of IFN-␤, for example, requires the activation of IRF-3 and NF-B (45, 55) . Ubiquitination is known to be intimately involved in the activation of NF-B. Polyubiquitination of receptor-interacting protein (RIP), TNF receptor-associated factor 6 (TRAF6), and TNF receptor-associated factor 2 (TRAF2) activates these signaling intermediates, which leads to the polyubiquitination of IB. IB, which binds to and holds NF-B inactive in the cytoplasm, is degraded via the proteasome, thereby freeing NF-B to translocate to the nucleus and induce IFN-␤ transcription (20) . Here we have shown that HCoV-NL63 PLP2 has a profound and global deconjugation effect on ubiquitinated cellular conjugates, suggesting that the DUB activity of PLP2 may modulate NF-B activation. In addition, we demonstrate that protease inhibitors, which block coronavirus DUB activity, abrogate the moderate inhibition of NF-B reporter activity imposed by transient, ectopic expression of PLpro. These results support a role for coronavirus DUBs in modulating the NF-B response during coronavirus replication. However, further investigation is needed to delineate the physiological effect of coronavirus PLPs on NF-B signaling, since SARS-CoV PLpro did not inhibit virus-or doublestranded RNA (dsRNA)-induced activation of two well-characterized NF-B-dependent genes, encoding interleukin 6 (IL-6) and A20, when it was stably expressed in HeLa cells in a tetracycline-regulated fashion (13) .
The effect of ISGylation of cellular proteins on the antiviral response is far less understood. It is known that ISG15 conjugation is required for protection against lethal Sindbis virus infection of IFN-␣/␤ receptor knockout mice (15) . Also, ISGylation has been shown to influence the activation of the JAK/STAT pathway, involved in type I IFN signaling (44) . Intriguingly, IRF-3 also undergoes ISGylation during viral infections, which was found to enhance innate antiviral responses by inhibiting virus-induced IRF-3 degradation (43) . We found that HCoV-NL63 PLP2 globally deconjugates ISG15 similarly to its deconjugation of Ub, and this activity depends on the catalytic sites of PLP2. Although the contribution of the deISGylation activity of PLP2 to IFN antagonism remains to be further investigated, deISGylation of IRF-3 is unlikely to be a significant contributing factor, since the PLP catalytic mutants devoid of deISGylation activity still effectively inhibited IFN induction.
Using human airway epithelial cells, which represent a cell culture model for respiratory infection, we found that IFN-␤ release induced by HCoV-NL63 was weak but measurable. This finding is similar to weak IFN induction by the far more pathogenic human coronavirus SARS-CoV, suggesting that antagonism of type I IFN is a common trait of coronavirus infection (13, 58, 63) . In addition to PLpro, SARS-CoV encodes several other IFN antagonists. ORF 3b, ORF 6, and nucleocapsid inhibit type I IFN induction via inhibition of IRF-3 phosphorylation and its subsequent nuclear translocation (30) . ORF 6 and nsp1 have been shown to inhibit IFN signaling by interfering with the activity of STAT1 (17, 27, 48) . Mouse hepatitis virus also encodes several IFN antagonists, including nsp1, nucleocapsid, and PLP2 (58, 68, 70) . Thus, there is clear evolutionary pressure to encode and maintain multiple IFN antagonists. It has yet to be determined if nsp1 and nucleocapsid from HCoV-NL63 are IFN antagonists as well.
Using reporter assays, we found that HCoV-NL63 PLP2 can antagonize type I IFN induction independently of catalytic activity. Catalytic mutants of PLP2 can dose-dependently inhibit IFN-␤ induction; however, this inhibition is reduced compared to equivalent amounts of wild-type PLP2. In addition, we note that the presence of the transmembrane domain confers enhanced IFN antagonism, particularly in the catalytic mutants. We speculate that the TM domain may facilitate either protein folding or interaction with cellular protein partners. Overall, the antagonism profile of HCoV-NL63 PLP2 is remarkably similar to that of PLpro of SARS-CoV. In fact, using a known specific inhibitor of SARS-CoV PLpro (GRL-0617S), we found that PLpro can effectively inhibit type I IFN induction despite a profound reduction in proteolysis, which corroborates the notion of a catalysis-independent mechanism for type I IFN antagonism. Previously we showed that SARS-CoV PLpro is able to inhibit the phosphorylation and nuclear accumulation of IRF-3 following Sendai virus infection (13) . We found that HCoV-NL63 PLP2 was also able to inhibit the translocation of IRF-3 to the nucleus (data not shown); however, the mechanism of this inhibition is not yet clear. We are actively searching for cellular factors that associate with HCoV-NL63 PLP2 as well as SARS-CoV PLpro.
The crystal structure of SARS-CoV PLpro has identified a unique domain that has remarkable similarity to ubiquitin (57) . Frieman and coworkers reported that removal of the Ubl domain in the soluble version of PLpro resulted in a loss of IFN antagonism (16) . However, we note that the authors of that study assessed IFN antagonism using one concentration of PLpro. In this study, by performing a dose-response profile of IFN antagonism, we found that deletion of the Ubl domain from both the soluble and the transmembrane version of PLpro had no effect on IFN antagonism. Thus, it is critical to assess the effect of IFN antagonism across a range of protein concentrations to fully evaluate the activity of these proteases.
Many viruses have been shown to inhibit the transcriptional activity of IRF-3 in a wide variety of ways (9, 24, 52) . Some viruses inhibit IRF-3 phosphorylation, dimerization, and/or translocation to the nucleus. Others can induce IRF-3 degradation or sequester the transcription factor (11, 23) . The mechanism of inhibition that can lead to these phenotypes can occur directly on IRF-3 or may affect any of the vast array of proteins upstream of IRF-3 in the type I IFN induction cascade. For example, the VP35 protein of Ebola Zaire virus (EBOV) has been shown to impact IRF-3 activity by binding dsRNA, thus preventing detection by RIG-I (5, 6) . In addition, VP35 was shown to interact with Ubc9 (SUMO E2 enzyme), PIAS1 (SUMO E3 ligase), and IRF-7, leading to SUMOylation of IRF-7 and transcriptional repression of the IFN-␤ promoter (10) . Respiratory syncytial virus (RSV) encodes two proteins, NS1 and NS2, that act individually or cooperatively to inhibit the activity of IRF-3. It was reported that these proteins reduce the expression of key kinases involved in IRF-3 phosphorylation (TRAF3 and IB kinase epsilon [IKKε]), but how NS1 and NS2 induce TRAF3 and IKKε degradation is still unclear (64) . Coronavirus PLPs could be acting on an as yet unidentified cellular factor involved in the IFN induction cascade. For example, in a recent study by Schröder et al., a new protein, DEAD box protein 3 (DDX3), was found to be involved in the type I IFN cascade. DDX3 was identified by coimmunoprecipitation with an IFN antagonist from vaccinia virus (VACV) protein K7 (59) . Alternatively, it is intriguing to speculate that coronavirus PLPs may function by sequestering polyubiquitin complexes or membrane-associated factors, such as STING/ MITA (26, 67, 72) . Previously we showed that the block must be downstream of TBK1 but at or upstream of IRF-3 since a constitutively active form of IRF-3 is not blocked by PLpro (13) . Further studies are needed to elucidate the mechanism by which coronavirus PLPs modulate IRF-3 activity.
The multiple enzymatic activities of SARS-CoV PLpro and HCoV-NL63 PLP2 may all influence the host cell type I IFN response. The DUB activity of these proteins could modulate the activity of key players in the signaling cascade that are known to be activated by lysine-48-or lysine-63-linked poly-VOL. 84, 2010 DUB AND IFN ANTAGONISM ACTIVITIES OF CoV PLPs 4627 on February 4, 2015 by UNIV OF NEBRASKA-LINCOLN http://jvi.asm.org/ ubiquitination. Our data suggest that catalytic activity may contribute to IFN antagonism but ablation of proteolysis does not abrogate IFN antagonism. Thus, coronavirus PLPs also possess a catalytic activity-independent mechanism that acts to inhibit IFN induction. We are currently working to delineate both the DUB and catalytic activity-independent mechanism by which coronavirus PLPs inhibit type I IFN induction.
The data presented in this study draw significant parallels between the single papain-like protease of SARS-CoV PLpro and the second papain-like protease of HCoV-NL63 PLP2. Despite modest sequence identity (ϳ19%), these two proteases have similar enzymatic activities and can inhibit type I IFN induction independently of catalytic activity. Since coronavirus PLpro/PLP2 domains are required for viral replication, they are attractive targets for antiviral therapeutics. Indeed, inhibitors of SARS-CoV PLpro have been shown to block virus replication (56) . Though less pathogenic than SARS-CoV, HCoV-NL63 causes significant morbidity in children, the elderly, and immune-compromised individuals and has been shown to be an etiological agent causing croup (65, 66) . In addition, we now recognize that bats and other mammals can serve as reservoirs for potentially emerging pandemic coronaviruses (32, 37) . Thus, further studies of these multifunctional coronavirus PLPs are needed to determine if both protease inhibitors and blockers of interferon antagonism can be developed to reduce replication and pathogenesis of human and zoonotic coronaviruses.
